An experimental investigation of coolant mixing in a wire wrapped LMFBR blanket subassembly  [Pt.2] by Oosterman, Carl Henry
MB
I
AN EXPERIMENTAL INVESTIGATION OF COOLANT





AN EXPERIMENTAL INVESTIGATION OF





B.S., United States Naval Academy
1969
M. C.E., University of Delaware
1970
SUBMITTED IN PARTIAL FULFILLMENT
OF THE REQUIREMENTS FOR THE DEGREES OF


















































































































































































































































































































r 06 SfcO UUL'




































































injection Subchannel: 50 (underlined)
AXIAL POSITION # 2
AXIAL LOCATION = 36- OC INCHES
AVERAGE SALT CONCENTRATION =0.0028 G- SALT/LBS- MATER
SUBCHANNEL SALT CONCENTRATIONS IN MG-SALT/LBM- WATER:
-12 3 0-110 2 310 2
10 3 416 3 2
5 13 89 3000
13 14 4 1
9 14 10 11 5 0-1
2 6 14 ffol 13 1
n
-1 -1
14 9 15 5 4
3 14 12 5 10 -3
7 3 8 4 2
4 4 13 6 1
10 10 1
C 2 210 5 310 6
-1 1-1 0-1




AXIAL POSITION * 4
AXIAL LOCATION - 24.00 INCHES
AVERAGE SALT CONCENTRATION =0.0037 G-SALT/LBtt- WATER
SUBCHANNEL SALT CONCENTRATIONS IN MG-SALI/LBM- WATER:
-1 3 -110 2 412 3
11 8 5 1
1 10 6 3
b 14 15 17 6
1 15 17 9 2
-1
? 9 16 19 18




1U 14 19 6 6
3 15 18 8 10
5 2 9 7 2










AXIAL POSITION # 10
AXIAL LOCATION = 18.00 INCHES
AVERAGE SALT CONCENTRATION =0. 0040 G-SALT/LBM- WATER







7 13 6 3
2 11 11 28 17 7 3
12 glj 20 8 2
-1 -1
C 10 9 22 22 5 21
C 13 17 26 2 18 1
3 12 18 14 2
1 3 1623 6 5









AXi;=L POSITION 9 16
AXIAL LOCATION = 12. OC INCHES
AVERAGE SALT CONCENTRATION =0.0041 G-SALT/LBB- WATER






3 12 17 26 6
14 22 10
6 20 39 33 5 3
10 32 |40~] 16
-1 -1
14 26 28 6 5
20 35 9 8 1
5 1 13 6 1










AXIAL POSITION # 2C
AXIAL LOCATION - 1C.CC INCHFS
AVERAGL SALT CONCENTRATION =0.0033 G-SALT/LEM- iATEB
SUBCHANNEL SALT CONCENTRATIONS IN MG-SALT/LBH- WATER:





C 3 12 3
2 9 15 42 22 4 C 4































AXIAL POSITION # 22
AXIAL LOCATION = 9.00 INCHES
AVERAGE SALT CONCENTRATION =0.0039 G-SALT/LBM- WATER


































AXIAL POSITION # 2
4
AXIAL LOCATION = 8.0C INCHES
AVERAGE SALT CONCENTRATION =0.0037 G-SALT/LBH- HATER
SUBCHANNEL SALT CONCENTRATIONS IN MG-SALT/LBH- SATER;




3 3 5 22 1
j 6 20 4
3 19 48 35 2 3
4 25 [49] 1
3
-1 -1
C 7 34 48 1 1
C 25 53 4 7
4 9
3 012 3 5
C 4 5
C
C 4 310 3
-1 0-1-1
Reynolds Number: 11410




AXIAL POSITION # 28
AXIAL LOCATION = 6. CO INCHES
AV2PAGE SALT CONCENTRATION =0.0031 G-SALT/LBM- WATER






1 5 43 15
4 27 27
-1
1 10 38 69 5
C 14 [64] 30
-1
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AXIAL POSITION # 2
AXIAL LOCATION = 36.00 INCHES
AVERAGE SALT CONCENTRATION =0.0046 G-SALT/LBH- HATER







4 10 10 1
1 7 30
7 9 2 1 10
1 5 4 14 52
1 6 16 20





Injection Subchannel: 114- (underlined)




arrow shows salt injection point
Wire Wrap Orientation for Edge Injection At




AXIAL POSITION # 4
AXIAL LOCATION = 24.00 INCHES
AVERAGE SALT CONCENTRATION =0.0040 G-SALT/LBH- WATER











3 1 1 23
9 15 16
5 .18 24 72
-1 17 51 -1
Reynolds Number: 1542




AXIAL POSITION # 10
AXI2L LOCATION = 18.00 INCHES
AVERAGE SALT CONCENTRATION =0.0034 G-SALT/LBH-RATER















1 23 21 44
-1 21 74 -1
Reynolds Number: 15^2




AXIAL POSITION # 16
AXIAL LOCATION = 12.00 INCHES
AVERAGE SALT CONCENTRATION =0.0028 G-SALT/LBH- WATEB











-1 fin 79 UU -1m
Reynolds Number: 15^2




AXIAL POSITION t 20
AXIAL LOCATION = 10.00 INCHES
AVERAGE SALT CONCENTRATION =0.0026 G-SALT/LBH- HATER








C 1 112 10
7 2
5 19
-1 85 42 -1
Reynolds Number: 15^2
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AXIAL POSITION # 2
AXIAL LOCATION = 36.00 INCHES
AVERAGE SALT CONCENTRATION =0.0040 G-SALT/LBM- MATER
S023HANNEL SALT CONCENTRATIONS IN MG-SALT/LBfl-HATER:




20 00000 1510 100 1 00000 41
C 1 1 7
-1 -1
3 5 17 2004 14 37 27
2 1 3 3 100008022 17
7 11 5 7 11
2 5 9 13 11
1 4 15 16




Injection Subchannel: 11^ (underlined)
Reynolds Number: llMO




AXIAL POSITION # 4
AXIAL LOCATION = 24.00 INCHES
AVERAGE SALT CONCENTRATION =0.0039 G-SALT/LBH- HATER






10 30030000 2 2610 10 10 20 0700 48
5 11 4 4 13
2 5 8 12 40
1 8 16 19
5 14 17 26
ED-1 0-11 9 -1
Reynolds Number: 11M0
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AXIAL POSITION # 2
AXIAL LOCATION = 36. GO INCHES
AVERAGE SALT CONCENTRATION =0.0043 G-SALT/LBM- WATER










11 12 4 16
3 13 22 23 14





-1 6 15 -1
Reynolds Number: 154-2




arrow shows salt injection point
/JL(p
Wire Wrap Orientation for Peripheral Injection




AXIAL POSITION # 4
AXIAL LOCATION = 24. CC INCHES
AVERAGE SALT CONCENTRATION =0.0041 G-SALT/LBfl- WATER









1 12 23 21 4
1 21 44 24 3
C 33 / 7l) 30
6 53" 67 19
-1 15 25 -1
Reynolds Number: 15^2




AXIAL POSITION # 10
AXIAL LOCATION = 18. CC INCHES
AVEBAGF SALT CONCENTRATION =0. 0035 G-SALT/LBM- WATER








5 10 16 a
5 38 27 3
10 [55] 56
32* 92 19
-1 7 25 -1
Reynolds Number: 15^2




AXIAL POSITION # 16
AXIAL LOCATION = 12.00 INCHES
AVERAGE SALT CONCENTRATION =0.0027 G-SAL1/LBM- WATER
SU23HANNEL SALT CONCENTRATIONS IN HG-SALT/LBM-WATEH:
-1 -5 -5 1 -3 -110 0-30110-3
0-2 1 10
-2-3100100
1 -4 -3 1






1 29 J98l 2010 91 92
-1 17 20 -1
Reynolds Number: 15^2




AXIAL POSITION # 20
AXIAL LOCATION = 10.00 INCHES
AVERAGE SALT CONCENTRATION =0.0024 G-SALT/LBS- HATER
SD23HANNT3L SALT CONCENTRATIONS IN MG-SALT/LBM-H ATER:
-1 -4
-U 1 -2 -1
1 0-2110-20-21000010
-3-8 1 11-4-4 1
-1
0-3-1 1 1 1-21-10-3101
-1
5 -6 -4 1 C
1 1-3 C 0-3-3
-50010001-30001
-2 3 4 C
32 9
1 81 44
1 28 138 1
-1 2 24 -1
Reynolds Number: 154/2




AXIAL POSITION # 22
AXIAL LOCATION = 9.00 INCHES
AVERAGE SALT CONCENTRATION =0.0028 G-SALT/LBH- MATER
SU23HANNEL SALT CONCENTRATIONS IN MG-SALT/LBH- WATER:
-1 -5 -4 1 -2 -110 1-10110-1
C -2 1 10
-3-61001001-4-3 1
0-3-3 1 C 1 1-210 0-3101
-1 -1
5-9 0-5 1




1 J24 I 92
1 12 186 11
-1 41 -1
Reynolds Number: 15^2




AXIAL POSITION # 24
AXIAL LOCATION = 8. CO INCHES
AVERAGE SALT CONCENTRATION =0.0029 G-SALT/LBM-SATER
SU23HANNEL SALT CONCENTRATIONS IN MG-SALT/LBM- WATER:









G C 41 5
1 1114J 33
1 45 183
-1 4 16 -1
Reynolds Number: 15^2




AXIAL POSITION # 28
AXIAL LOCATION = 6.00 INCHES
AVERAGE SALT CONCENTRATION =0.0024 G-SALT/LBH- WATER
SU23HANN5L SALT CONCENTRATIONS IN MG-SALT/LBM-SA TER:
-1
-4 -4 1 -2 -110 1-30110-10-21000010


























1. .Khan, E.U., et al., "A Simplified Approach for Predicting
Temperature Distribution in Wire Wrapped Assemblies,"
COO-7245-5-TR, MITNE-153, September 1973.
2. Khan, E.U., et al., "Analysis of Mixing Data Relevant
to Wire Wrapped Fuel Assembly Thermal-Hydraulic Design,"
COO-2245-12-TR, MITNE-165, September 1974.
3. Khan, E.U., "A Porous Body Model for Predicting
Temperature Distribution in Wire Wrapped Fuel and
Blanket Assemblies of a LMFBR," Phd.D. Thesis, MIT,
January 1975.
4. Eaton, T.E., "Instrumentation Methods for Interchannel
Coolant Mixing Studies in Wire Wrap Spaced Nuclear
Fuel Assemblies," S.M and Engineer's Thesis, MIT,
February 1974.
5. "Design Analysis of the LMFBR Radial Blanket," WARD-
3045T2B-9, March 1973.
6. Benjamin, J.R. and Cornell, C.A., Probability Statistics
.
and Decision for Civil Engineers . McGraw-Hill,
New York, 1970.
7. Lorenz, J.J., et al., "Experimental Mixing Studies and
Velocity Measurements with a Simulated 91-Element
LMFBR Fuel Assembly," ANL-CT-74-09, March 1974.
8. Personal communication with E.U. Khan.
9. Todreas, N.E. and Turi, J. A., "Interchannel Mixing in
Wire Wrapped Liquid Metal Fast Reactor Fuel Assemblies,"
Nuclear Technology
.
Vol. 13, pg. 56, January 1972.
.0. Todreas, N.E. and Wilson, L.W., "Coolant Mixing in
Sodium Cooled Fast Reactor Fuel Bundles," Division of




11. Rogers, J.T. and Todreas, N.E., "Coolant Interchannel
Mixing in Reactor Fuel Rod Bundles Single Phase




12. 22.312 Class notes, 1974
13. Robinson, R.A. and Stokes, R.H. , Electrolytic
Solutions . Butterwarths, London, 1970.
14. Jones, G. and Bollinger, D.M. , "The Measurement of the
Conductance of Electrolytes, VII on Platinization,"
Journal of the American Chemical Society . V52, N2,1935.
15. Novendstern, E.H., "Turbulent Flow Pressure Drop Model
of Fuel Rod Assemblies Utilizing a Helical Wire-Wrap
Spacer System," Nuclear Engineering and Design . V22,1972.
16. Personal communication with A. Hanson.
17. Sangster, W.A., "Calculations of Rod Bundle Pressure
Loss," ASME Paper 68-WA/Ht-35, 1968.
18. Personal communication with A. Hanson and T. Eaton.
19. Personal communication with T. Eaton.
20. "Coolant Mixing in LMFBR Rod Bundles," Quarterly Report
for June 1-August 31, 1974, COO-2245-13.
21. Personal communication with N.E. Todreas.
22. Rehme, K. , "Pressure Drop Correlation for Fuel Element
Spacers," Nuclear Technology
.
Vol. 17, January 1973, p. 15.
23. Hanson, A.S., "Hydraulic Diameter Flow Split Analysis,"
Appendix J of Velocity Measurements in Edge Subchannels
of Wire Wrapped LMFBR Fuel Assemblies by Y.B. Chen et al.,





Given the severe radial neutron flux gradients and the
wide range of flow conditions present in Liquid Metal Fast
Breeder Reactors (LMFBR) , large temperature gradients may
be predicted across the reactor subassemblies. However, the
coolant mixing phenomenon between interconnected subchannels
in wire wrapped geometries results in considerably less severe
temperature fields than those which result when only conduction
is considered [6 ]. The two major hydrodynamic effects of the
presence of wire wrap spacers are that they increase the
pressure drop but enchance flow mixing. The mixing phenomenon
can be summarized as shown in Table Al-1.
The natural mixing effects, turbulent interchange and
diversion cross-flow, are those mixing processes which act
in the absence of protuberances in the rod bundles. Turbulent
interchange results from natural eddy diffusion between the
subchannels. The time averaged magnitude of turbulent inter*
change at any subchannel boundary is zero.
Diversion cross-flow is the directed flow caused by
radial pressure gradients between adjacent subchannels.
These gradients are cuased by differences in subchannel
heat-flux distribution and differences in subchannel hydraulic

223.
diameter and fuel rod or flow housing eccentricity or bowing.
Diversion cross-flow is most significant in the entrance length
of channels, locations of abrupt geometry changes and locations
where one subchannel boils sooner than adjacent subchannels,
causing differences in void fraction and coolant properties
between subchannels.
A1.2. Forced Mixing Effects [8]
Forced mixing is subchannel interchange caused by the
presence of rod spacers or grids in the flow channel. The
flow may be broken up in a random fashion which is called
flow sweeping. Flow scattering is analogous to turbulent
interchange in natural mixing while flow sweeping is
analogous to diversion cross-flow.
Flow sweeping is the predominant mode of energy
transfer in LMFBR subassemblies. As the coolant proceeds
axially through tne subassembly, the flow sweep between any
two rods alternates in direction as shown in figure Al-1.
The flow is maximum where the wires cross the gap between the
rods, and it reverses direction between adjacent spacer loca-
tions. At the subassembly walls, the flow, called swirl flow,
is always in one direction. Fluctuations in swirl flow are
caused by wire wraps alternately sweeping flow towards and away
from the wall. At the axial location where sweep flow goes

224.
to zero, a diversion cross-flow can exist which is periodic(l).
Turbulent exchange causes no cross-flow but can affect
momentum and energy balances.
A1.3. Significance of Mixing
For LMFBR's, predictions of the reduction of
temperature gradients by the mixing phenomenon in wire wrap
spaced fuel subassemblies are significant for designing to
limits in the following areas [7 ]:
1. Cladding hot spots
2. Fuel assembly flow housing bowing
3. Subchannel flow blockage
Core thermal performance is adversely affected by the
larger the temperature difference between the nominal fuel
cladding temperature and the hot spot limit. This
temperature difference is affected by subchannel effects
and detailed flow and geometry effects. The various
effects are taken into account by hot channel factors which
characterize coolant temperature and film temperature
differences between subchannels. These differences are
derived both from subchannel geometrical variations
between bundle edge and central subchannesl which induce
subchannel velocity differences and from the radial
power distribution. Local perturbations of a fuel rod and
adjacent fuel rods cause circumferential cladding
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temperature variations. Perturbations can be caused by
fuel pellet stacking irregularities or cladding faults.
Further effects are caused by the addition of fabrication
tolerances in fuel rods, spacers and flow housing. Flow
area differences can be caused by differences in thermal
and irradiation swelling of fuel rods. Irradiation induced
swelling of the stainless steel fuel rod is temperature
dependent. Mixing acts to homogenize temperature imbalances
between bundle subchannels and can have a large impact on
local velocity profiles through diversion cross-flow and
flow sweep. Accurate mixing predictions are, therefore,
important in predicting hot channel factors.
Flow housing bowing is caused by radial differences
in bulk fluid temperatures and irradiation induced swelling.
Duct bowing is important in fast reactors because they are
neutronically sensitive to small amounts of fuel movement.
Prediction of the mixing effect in flattening radial
temperature profiles is important in accurately predicting
flow housing deformations.
The consequences of subchannel flow blockages in
terms of downstream temperature excursions are likely to
be lessened by mixing effects. This means, however, that
there is less of a high temperature subchannel flow to aid


































This appendix is included to list the electrical and
hydraulic equipment used, the chemical solutions associated
with conductivity measurements and commercial materials




Tracer Salt: Sodium Chloride, Mallinckrodt Chemical
Works, Ho. 7581, A.C.S. Purity.
Platinizing Solution: Yellow Springs Instrument Co.,
YSI 3140, Platinium Chloride 3% dissolved in
0.025$ Lead Acetate Solution.
Cell Cleaner: 100 milliliters Isopropyl Alcohol,
100 milliliters Ethyl Ether, 50 milliliters
concentrated Hydrochloric Acid, and 50
milliliters distilled water.
Electrical Equipment




Data Acquisition System: Designed and constructed by
Alan S. Hanson, Graduate Student, Nuclear
Engineering Department, MIT.
Hydraulic Equipment
Pump-Motor Sets: Bell and Gossett Co., Hydro-Flow
Centrifugal pumps, Factory Numbers 436983 11W
and 436984 11W, Catalog No. 2-1/2A 7AB, 1510
Type B, 20HP 2 3450RPM, 300GPM @ 180 ft.
water (78psig).
Main Flow Meters
Fisher Porter Co., Precision Bore Flowrater,
Model 10A3567A, SM6610A4743B1 , Tube No.
7P-2-27-6-10/83, Float T602GNSWGT-98,
0-37GPM water.
Fisher Porter Co. , Precision Bore Flowrater,
Tube No. FP 1-1/2-27-G-10/83, Model 10A 3563A,
SN6612A403681, Float No. T6-11/2GNSWG 9-86,
0-20GPM water.
Fisher Porter Co., By-Pass Oriflowrater , Model
No. B3565-7-3-GD-BSY, SN7404A0514A2, Oriface
Plate No. 625A016U06, 0-370GPM water.
Injection Flow Meters
Fisher Porter Co., Precision Bore Flowrater,

230.
Tube Wo. 2-F-1/4-20-5/70, glass float..
Fisher Porter Co. , Precision Bore Flowrater,
Tube No. FP-1/8-20G, glass float.
Materials
Stainless Steel Solder: STAIN TIN 157PA, Eutectic
and Castolin Institute









































Figure A2-2 Calibration Curve For the \ Inch


















This appendix contains a listing of the computer
programs used to reduce the salt solution mixing data.
Instructions for punching the appropriate data cards for
the programs are included. The following three programs
were developed by Alan S. Hanson, a Graduate Student in
the Nuclear Engineering Department.
1. GEOSPLIT - calculates the geometrical
parameters and the pressure drop for a
given subassembly (wire wrapped)
2. CALIB - calculates the calibration curves
for the conductivity probes
3. Data reduction program - reduces the data
for a salt mixing experiment from voltage
readings to axial salt distributions.












Determines option of calculating flow split by
setting velocity ratios or by Sangster method
ISPLIT - for Sangster





Diametrical tolerance - difference between
across flats of hex. with and without tolerances
2 11-20











CARD SPACES FORMAT CODE WORD
2 26-45
Rod diameter in inches
F10.4 DPIN
2 46-55 F10.4
Wire wrap diameter in inches
DWIR
2 56-60 F5.0
Wire wrap lead length in inches
LEAD
61-75 3F5.3 WFACT(I),I=1,3
Fraction of wire per subchannel for each
subchannel type
1. edge - 0.5
2. central - 0.5
3. corner - 0.1667
1-10 F10.4 CONST
Constant in friction factor term. For example
0.316 from Blasius equation
11-20 F10.4 REXP
Exponent on Reynolds number in friction
factor equation.
3 21-30 F10.4




CARD SPACES FORMAT CODE WORD
3 31-^0 F10.4 GTOT
Plow rate in gpm
Repeat for each case. For example a set of three
cards is needed for each flow rate investigated.
LAST CARD 5 15 ISPLIT
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Number of points in calibration curve -
corresponds to number of salt solutions used to
calibrate the probes plus background.
6~10 15 NCOEPF
Maximum number of coefficients which can
be used to fit calibration curves. The order of
the curves is NCOEPF - 1.
1 11-15 15 NCURVES
Number of calibration curves to be calcultaed
1 16-20 15













Controls number of points used in plotting.






Zero (0) for probes which are faulty and one (1)
for good probes.
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Data Cards For Data Reduction Program
CARD SPACES FORMAT
1 1-5 15




Maximum number of coefficients which can
be used to fit calibration curve.
NCOEFF
1 11-15 15 NCURVES
Number of calibration curves to be calculated
1 16-20 15


















Controls whether calibration data is read in
from secondary storage or calculated as part of
the program. ICALIB = for secondary storage
ICALIB = 1 if calculated in program
2 1-80 II IFLAG
3 1-46 II IPLAG
for good probes and 1 for faulty probes
4 1-10 F10.1 CINJ
Injection concentration in gm/lb of water
4 11-20 P10.1
Injection flow rate in lb/min
WINJ
4 21-30 P10.1
Total flow rate in lb/min
WTOT
31-60 3F10.6 FLOFAC (I
)
Flow factors from output of GEOSPLIT in order of
edge, center and corner subchannels
5 1-5 15




5 6-10 15 IEDGE1
5 11-15 15 IEDQE2
Beginning and ending numbers of edge probes
5 16-20 15 INJ
Injection subchannel number
5 21-25 15 NEDGE1
5 26-30 15 NEDGE2
For edge injection only, the beginning and
ending edge probes to be plotted to a max. of 15.
Zero for no plots.
5 31-35 15 NCHAN
Total plots to be made in multiples of four up
to 24. One for no plots.
6 1-5 15 ICNER1
6 6-10 15 ICNER2
Beginning and ending numbers of corner probes
7 1-80 8F10.4 AXPLOT(I)
Axial position of printout of planar salt
distribution and plots of circumferential salt
distribution. Card must be blank, have 4 or 8 positions.
8 1-80 1615 ICHAN(I)
Numbers in groups of 4 of subchannels to be plotted
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A4.1. Wall Pressure Drop Data
The approach in calculating friction factors from the
wall pressure drop data (tables A4-3 and A4-4) is to average
the pressure over the six wall pressure taps at each axial
level. The difference between the respective average pressures
(table A4-5) yields a friction factor as described below.
There is one tap at each level that sees the same wire wrap
orientation so that averaging cancels any dynamic effects [21],
Static pressure differences are canceled by placing all the
gauges at the same height.
AF.fLpV_ (A4-1)De 2g
o
W = pVA™, = 499.74 G (gpm) (A4-2)lFT
therefore ••
7 499.74 G3600pApT














f = 79< j
7AP AP(psi) Ai»-6)
and
f = 2.373&P AP(in. H 3 0) (AM-7)
A4.2. Injector Rod Pressure Drop Data
The approach in calculating friction factors from the
injector rod pressure drop data (tables A4-1 and A4-2) is
to measure the slope of the plots of pressure difference
relative to pressure tap one at the 42 inch tap level against
distance from the bundle exit. The slopes yield a friction
factor as shown below. Dynamic effects are neglected since
local velocities are indeterminable. For this analysis, the
slope of the dashed lines shown in the figures is used.
The slope of the dashed lines is
f uSSs (a"-8)
(see equation A4-1)
Therefore dividing the slope by p^pg yields f «
pV2
_2





A^.3. Novendstern's Friction Factor [15]



















(.534/.502) ' 124 (V.502) 2 - 239
0.885(n nft^'i^ , 885
1.027 + 0.4373 Reu,U0D |
or
M = jl.027 + 0.623 G°- 086 l
A4.4. Rehme»s Friction Factor [22]
fl m 64 + 0.0816
Re' Re , 0.133
where Re' = Re \/F
where <*•











































12 1.5 21.2 1.8 43.4 2.45 77












24 1.78 13.3 2.32 26.5 3.48 50
25 2.4 24.8
26 2.48 23.5 3.79 42
27 2.52 21.6
28 2.52 25.5 3.8 38
29 2.4 23.2 3.72 41
30 1.9 9.8 2.48 21.3 3.93 33
36 2.08 6.1 2.78 8.8 4.71 20
42 2.29 1.4 3.2 1.2 5.25 1.5




Flow Rate 8 1 00 l;25
(gpm)
Position pabs Pdif pabs Pdif Prabs P .rdif
(in. down psi in.H
2
psi in.H2 psi in.H2from exit)






18 4.11 94 5.^7 136 7.5 204
18.5 5.6 133
19 4.2 92 5.6 133 7.3 200
19.5 5-58 13^
20 4.18 93 5.53 136 7.19 210
20.5 5.63 132
21 4.4 87 5.8 127 7.75 196
21.5 5.9 124
22 4.68 79 6.2 116 8.45 178
22.5 6.38 112
23 4.8 77 6.35 112 8.6 173
23-5 6.35 112
24 4.8 77 6.32 U9 8.65 174
25 4.95 72.5 6.58 107 9 165
26 5.28 65 7.03 98 9-7 144
27 5.4 62 7.2 92 9.92 138
28 5.1 70 6.9 93 9.78 141
29 5.38 60.2 7-3 86 10.35 127
30 5-78 54 7.92 78 11.05 107
36 6.6 30.5 8.7 44.5 12.15 67
42 7.42 2 10.15 2.5 14.18 3.2
































18 10 273 12.77 355 15
18.5 12.85 350
19 10.15 268 12.85 350 14.8
19-5 12.8 353
20 9-92 273 12.6 358 14.9
20.5 12.9 350
21 10-. 65 254 13.45 336 16 400
21.5 13.95 325
22 11.45 232 14.75 304 17.4 360
22.5 15.15 292.5
23 11 225 15.15 292.5 17.7 354
23-5 15.05 297
24 11.6 228 14.92 302 17.5 358
25 12.25 212 15.75 280 18.
5
332
26 13.15 186 17 243 20 288
27 13.4 180 17.4 234 20.45 277
28 13.2 183 17.1 241 20.1 285
29 13.85 167 17.88 220 21.05 260
30 14.8 139 19.3 183 22.7 217
36 16.18 92 21.7 25.5
42 19.2 4.6 24.8 5.25 29.75 6.6




















(in. down P£si in.H,>o psi in.H 2 psi in.H2
from exit)
12 1,,48 22.,2 1.8 43.2 2.49 76












24 1,.75 14.,2 2.38 25.2 3.51 48.5
25 2.41 24.3
26 2.5 22 3.9 4.0
27 2.52 21.6
28 2.65 21.8 3.92 38
29 2.61 17.5 3.93 35
30 1,.92 9.,6 2.6 16.8 4.12 29
36 2,,08 6.,1 2.8 7.8 4.73 18.3
42 2,.28 1..3 3.21 1.6 5.2 2.2



































18 4.19 92 5.58 134 7.6 199
18.5 5.55 135
19 4.2 92 5.58 134 7.68 200
19.5 5.68 132
20 4.3 89 5.72 129 7.9 192
20.5 5.93 126
21 4.47 84 5.9 1* 123 8.2 184
21.5 6.0 122
22 4.79 77 6.38 113 8.85 168
22.5 6.3 114
23 4.78 77.5 6.33 112 8.78 170
23.5 6.55 111
24 4.92 74 6.65 110 9.1 161
25 5.0 71 6.82 103 9.15 158
26 5.3 63 7.22 95 9.98 137
27 5.38 62 7.25 9M 10. 136
28 5.55 60 7.32 85 10.3 128
29 5.6 56 7.5 80 10.6 121
30 5.8 51 8.05 77.5 11.1 106
36 6.65 28.5 8.85 39.2 12.38 58
42 7.31 4.7 10.0 6.6 13.95 11
































18 10.15 268 12.52 358 15
18.5 12.7 353
19 10.05 271 12.73 355 15
19.5 13.0 3^7
20 10.42 259 13.1 3^7 15.65
20.5 13.78 325
21 10.9 247 13.85 326 16.35 388
21.5 14.02 322
22 11.75 225 15.08 293 17.8 348
22.5 14.9 300
23 11.65 227 14.95 298 17.6 355
23.5 15.25 290
24 12.18 214 15.6 282 17.^ 360
25 12.5 206 16.01 269 18.9 320
26 13.25 183 17.15 238 20.2 284
27 13.25 182 17.1 240 20.1 288
28 13.7 171 17.73 223 19.02 317
29 14.05 162 18.22 212 21.4 253
30 14.83 140 19.25 184 22.7 217
36 16.5 78 21.25 112 26.35
42 18.88 15 24.2 21.6 29 27.2







42 Inches Below Exit
Pressure Tap 1 2 3
Flow Rate P
.
> abs P Prdlf rabs prdif prabs Prdif





5 1.8 1.4 0.25 1.38 0.5
10 1.9 1.53 0.25 1.5 2.0
15 2 1.7 0.25 1.73 1.85
20 2.2 1.9 0.25 1.88 1.5
25 2.6 2.3 0.25 2.22 1.8
30 2.85 2.5 0.6 2.48 1.8
35 3.25 2.9 0.5 2.85 2.1
40 3.6 3.26 0.6 3.2 2.25
45 4.2 3.78 0.7 3.7 2.4
50 4.8 4.38 0.75 4.3 2.8
60 5.6 5.3 0.7 5.2 3.1
70 6.75 6.37 0.75 6.28 4.0
80 7.8 7.45 0.8 7.33 4.0
90 9.1 8.71 1.1 8.58 4.5
100 10.6 10.08 1.25 9.93 5.1
125 14.8 14.22 1.75 14 8.4
150 19.98 19.3 2.6 18.95 12.2
175 25.3 24.85 3.4 24.3 17.7






42 Inches Below Exit


















1.3 0. 1.3 1.3
5 1.375 0.5 1.38 0.25 1.38 1.9
10 1.5 0.25 1.5 0.8 1.5 0.2
15 1.8 0.4 1.8 0.6 1.78 0.3
20 1.95 0.5 1.98 0.75 2.0 0.2
25 2.28 0.8 2.28 0.8 2.3 0.2
30 2.5 1.25 2.5 1.2 2.52 0.3
35 2.85 1.75 2.9 1.5 2.92 0.4
40 3.2 2.0 3.2 1*6 3.22 0.4
45 3.68 2.5 3.7 2.0 3.78 0.5
50 4.2 3.2 4.25 2.5 4.3 0.5
60 5.15 4.5 5.2 3.0 5.3 0.6
70 6.18 6.0 6.28 3.8 6.4 0.7
80 7.22 7.3 7.28 4.7 7.4 0.75
90 8.42 9.25 8.48 5.6 8.72 0.8
100 9.7 11.15 9.82 6.5 10.18 0.8
125 13.65 17.6 13.95 10 14.22 1.4
150 18.45 25.4 18.75 12.6 19.28 1.7
175 23.7 35 24.28 18.25 24.9 2.1






12 Inches Below Exit



















5 1.39 2.0 1.375 2.0 1.3 2.0
10 1.35 5.0 1.35 5.0 1.35 5.0
15 1.5 10.1 1.48 10.1 1.48 10.0
20 1.51 13.75 1.52 13.6 1.51 13.4
25 1.6 20.25 1.6 20.2 1.62 19.8
30 1.68 25.25 1.69 25.1 1.7 24.6
35 1.8 32.7 1.8 32.5 1.81 31.7
40 1.82 39.25 1.88 39.1 1.89 38.3
45 1.98 50 2.0 49.5 2.02 48.3
50 2.15 60 2.18 59. 2.2 57
60 2.4 79 2.45 77.5 2.5 76
70 2.68 102.5 2.78 99. 2.83 97
80 2.99 123 3.05 122 3.17 118
90 3.35 147 3.49 144. 3.6 140
100 3.78 178 3.9 174. 4.1 170
125 5.1 253 5.32 247.5 5.6 241
150 6.3 361 6.62 352. 7.05 340
175 7.93 8.36 8.95


























5 1.3 2.0 1.3 2.0 1.3 2.0
10 1.35 5.0 1.35 5.0 1.35 5.0
15 1.48 10.1 1.48 10.1
20 1.51 13.3 1.5 13.4 1.5 13.5
25 1.63 19.5 1.63 19.75 1.63 20
30 1.7 24.2 1.7 24.5 1.69 24.8
35 1.85 31.1 1.82 31.75 1.82 32
40 1.9 37.4 1.89 37.9 1.85 38.6
45 2.08 47.2 2.07 47.7 2.03 48.7
50 2.27 53 2.22 54 2.2 57.5
60 2.58 75 2.52 74 2.47 7.75
70 2.92 94 2.88 97 2.8 98
80 3.28 115 3.2 117.5 3.1 120
90 3.72 137.5 3.63 139 3.51 142
100 4.22 166 4.14 168 4.0 172
125 5.75 236 5.58 240 5.65 238
150 7.38 332 7.2 337.5 7.8 347
175 9.35 9.015 8.61














P P p P
abs rdif abs rdif
psi in.HpO psi in.HpO
5 1.45 0.567 1.33 2 0.12 1.43
10 1.572 0.583 1.35 5 0.22 4.42
15 1.8 O.566 1.48 10.1 0.32 9.53
20 1-985 0.533 1.51 13.49 0.48 12.96
25 2.33 0.642 1.62 19.92 0.71 19.28
30 2.56 0.858 I.69
24.74 0.87 23.88
35 2.945 1.042 1.82
31.96 1.13 30.92
40 3.28 1.142 1.87 38.43 1.41 37.28
^5 3. 81 1.35 2.03
^8.57 1.78 47.22
50 4.37 1.625 2.2 56.75 2.16 55.13
6o 5.29 1.98 2.49 76.5 2.8 74.52
70 6.38 2.54 2. 815 97.92 3-57 95.38
80 7.41 2.925 3.13 119.25 4.28 116.33
90 8.67 3.5^ 3.55
141.58 5.12 138.04
100 10.05 4.13 4.02 171.33 6.02 167.2
125 14.14 6.525 5-5
242.58 8.64 236.06
150 19.12 9.08 7.06 344.92 12.06 335-84
175 24.56 12.74 8.7 15.86
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Listed in the order specified below are the
mixing data for the mixing experiments analyzed. The
readings are in grams of salt per pound of water.
Mixing Data
1. Central Injection - 25 gpm (Re = 15^2)
2. Central Injection - 185 gpm (Re = HMO)
3. Edge Injection - 25 gpm (Re = 15^2)
4. Edge Injection - 185 gpm (Re = llMO)
5. Peripheral Injection - 25 gpm (Re = 15^2)

284.
A5.1. Central Injection Mixing Data (gm/lbm)
Injection Subchannel: 50
Reynolds Number: 15^2
Flow Rate: 25 gpm
Injection Concentration: 25 gm/lbm
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A5»2. Central Injection Mixing Data (gm/lbm)
Injection Subchannel: 50
Reynolds Number: 11410
Flow Rate: 185 gpra
Injection Concentration: 25 gm/lbm
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A5-3- ^dge Injection Mixing Data (gm/lbm)
Injection Subchannel: 114
Reynolds Number t 1542
Flow Rate: 25 gpm
Injection Concentration: 25 gm/lbm
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A5.^- Edge Injection Mixing Data (gm/lbm)
Injection Subchannel: 114
Reynolds Number: 11410
Flow Rate: 185 gpm
Injection Concentration: 25 gm/lbm
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A5«5' Peripheral Injection Mixing Data (gm/lbm)
Injection Subchannel: 9^
Reynolds Number: 15^2
Flow Rate: 25 gpm
Injection Concentration: 25 gm/lbm
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A letter follows which was sent to Watlow Electric
Manufacturing Company requesting a cost estimate for heated
rods with the given specifications. The specifications








Mr. R. M. Wrob
Watlow Electric Manufacturing Co.
12001 Lackland Road
St. Louis, Missouri 631M
31^-878-4600
Dear Mr. Wrob;
Enclosed are the specifications for the heaters proposed
for the experiment which I am doing under an AEC contract
Please give me an estimate for the two power levels and
the two heated lengths noted. Also enclosed is a
sketch of the experimental setup to help you in making












^ *- gravity drain
test section
interior is hexagonal
^•.266 inches across flats
















v \ v \. v \ \ \ \ \ v v v r-ro O ±-
h 24' • -3 11
Case 1
Case 2
Total power - 50 kw. with flat power distribution
Heated length - a) 48 inches as shown
b) 24 inches as shown
Total power - 30 kw . with flat power distribution
Heated length - a) 48 inches as shown
b) 24 inches as shown
Fluid - water
Power Source - 230v - 600amp DC (no voltage control)
Outside Rod Diameter - 0.500- 0.005 inches
Wire Wrap - see Encl(3)
Maximum Operating Temperature - 325 F
Number of Cycles - 10 min. up to as many as reasonable
Core - Magnesium Oxide
Insulation - Boron Nitride
At least 6 feet of lead from the heater connection is
required. This lead must be properly insulated against
penetration by water as the heater may set in water for
long periods of time(150psi at a flow of 300gpm)
.
Two terminals at one end is preferred although a terminal
at each end is acceptable.
Two 4 -inch holes are required in the rod as shown for










< 60 .. —-»
Each rod must be wound with a helical wire wrap. The
wire wrap starts 6 inches from the bottom end of the
rod and ends at the top end. The wire is 0.031 inches
in diameter - che pitch of the helix is 4 inches.
The wrap starts at the same angular orientation as
the two \ inch holes. Wire is wrapped clockwise as





SHAVED WIRE WRAP GEOMETRY CALCULATIONS
The unshaved wire wrap geometry calculations are done
using constant cross-sectional areas of the wire wrap and
rods (see sect. 2.1.1.2). With shaved wires the wire cross-
sectional areas are not constant axially. Therefore, a method
using weighted cross-sectional areas is used. The weighting
factors are found by determining the volumes of wire present,
per lead length, before and after shaving. The ratio of the
latter to the former is the weighting factor used in the
equations which follow. It is assumed that wires are shaved
so that the wire is flattened with a surface parallel to the
duct face it contacts. The volume of wire lost to shaving is
found by calculating the cross-sectional area of wire shaved
off at five locations equally spaced along the length of the
wire shaved. Using the five cross-sectional areas, the volume
shaved is found using Simpson's Rule. Simpsons Rule is appro-
priate because it uses second order curves between points in
determining the volume (see Pig. A2-1).
1. Angle over which wire is shaved









2 . Shaved length
L
s " 360 (27rrr + h j' (A2-2)
D + D
= J §_ (A2-3)
3. Cross-sectional areas shaved off

























C. Beginning and end of shaved length
a
-,
= a r- =
si s5





=— (a, + 4ac0 + 2a e , + 4a, + a a ,) (A2-7)s 12 si s2 s3 s4 s5
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r = (D_ + D )/2 (A2-9)












A similar approach is used to find the new wetted perim-
eters. The arc of the areas shaved are found for 5 positions
along the shaved length for each pitch. Simpson's Rule is
usedagain to find the resultant surface area lost. This is
compared to the total unshaved wire surface area to give a
wetted perimeter factor.
1. Arc of area shaved















C. Ends of shaved length
Bj.
- S = °










3. Wire wrap surface area before shaving
A =
2 2) 1/2(2nrr + l-i j Ds (A2-16)
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P =fD + D - PNd + W \ D3 6 p £ R c 6 s (A2-26)



























areas and arcs were
calculated for
Simpson's Rule
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